Abstract-A sensorless finite-state predictive torque control (FS-PTC) strategy uses stator current, estimated stator and rotor flux, and estimated rotor speed to predict stator flux and torque. Direct application of measured stator currents and using a noisy estimated speed in the prediction model degrade the steady-state performance in terms of higher current total harmonic distortion (THD), torque ripple, and flux ripple, particularly at low speeds. This paper proposes an extended Kalman filter (EKF)-based, which is a promising state observer, improved prediction model of sensorless FS-PTC for induction motor drives. The EKF has been used to estimate rotor speed, rotor/stator flux, and stator currents accurately. The estimated stator currents, instead of measured currents, are fed back to the prediction model, and thus, small stator current THD is confirmed. Depending on the commanded speed, either the rotor current model or the open-loop stator voltage model is proposed for the EKF to achieve better performance in a wide speed range, including the field-weakening region. The proposed control system has been verified experimentally, and excellent torque and flux responses, robustness, and stable operation at lower and higher speeds have been achieved. Index Terms-Extended Kalman filter (EKF), field weakening, finite-state predictive torque control (FS-PTC), induction motor (IM), sensorless control.
I. INTRODUCTION

P
REDICTIVE torque control (PTC) strategy is a recent alternative to the conventional direct torque control (DTC) and field orientation control (FOC) strategies. Due to its intuitive features, easy implementation, and easy inclusion of nonlinearities and constraints, PTC has been widely investigated [1] - [5] . In finite-state PTC (FS-PTC), torque and stator flux linkages are predicted for the finite number of possible switching states of a power converter. The switching state that minimizes torque and flux ripples most is finally chosen as the optimal switching state and is obtained by actuating a predefined cost function. The selected optimal switching state is directly applied to the converter to produce the voltage vector to be applied to the motor in the next sampling instant, without requiring an intermediate modulation stage [2] . Another important advantage of PTC is that it has no inner current control loop. Moreover, the PTC structure is simpler compared with the classical DTC and FOC. However, compared with classic DTC and FOC, PTC produces worse stator current total harmonic distortion (THD) [6] . It is because PTC requires large computation and uses the measured stator currents in the prediction model directly, and therefore, predictions are affected by the measurement errors and stator current THD. Generally, in PTC, a speed control loop is used to generate the reference torque through a proportional-integral (PI) controller [5] . The speed is measured through a speed encoder/ sensor, which is mounted on the motor shaft and is expensive and less reliable. Moreover, the encoder requires a speed measurement card and other necessary software. Hence, induction motor (IM) drives without a speed sensor are attractive due to their lower cost and higher reliability [7] . Unfortunately, to date, very few works on sensorless FS-PTC have been published. The speed sensor must be avoided to get the control system widely accepted by different industry applications. When a speed sensor from the PTC is removed, rotor speed must be estimated through proper design of the observer using measurements of stator voltages and currents.
Many speed observers have been proposed in the past years, such as full-order and reduced-order observers, the model reference adaptive system (MRAS) observer [8] , the slidingmode observer (SMO) [9] , the Luenberger observer [10] , and the extended Kalman filter (EKF) [11] , [12] . In [10] , an exact speed estimation model is proposed to operate the machine in the field-weakening region by using the Luenberger observer to overcome the sampled data modeling error. However, the current controller introduces instability at lower speeds. Among all the aforementioned strategies, the reduced-order SMO is the simplest, but its robustness and estimation accuracy are not satisfactory. To compensate for the estimation error, a compensated voltage model (VM) is proposed in [8] and [13] ; however, it requires actual inverter parameters and additional controllers to avoid offset and drift problems. Thus, the estimation accuracy of the SMO is only fair, and the controller suffers from chattering noise. Recently, PTC has been implemented without a speed encoder for motor drive applications [9] , [13] - [15] . In [13] , an encoderless FS-PTC has been proposed with a compensated MRAS observer. The robustness of the system is confirmed by estimating the stator resistance online. However, the THDs of the stator currents are very high at lower speeds, and the control performance is greatly affected by the noisy estimated speed. To improve the low-speed performance, another encoderless PTC is proposed in [15] with a revised prediction model and a full-order SMO. The speed dependence of the prediction and observer models is avoided, and satisfactory speed response is achieved although the estimated speed is still noisy. However, the observer is greatly influenced by the stator resistance variation and produces oscillations in torque and flux responses. In both aforementioned studies, the stability of the controller at very low and high speeds, i.e., field weakening, has not been addressed. Moreover, to date, all previous studies on PTC with or without a speed sensor use the measured stator currents directly at the prediction stage. Direct use of these measured currents leads to undesired switching actuation and worsens the stator currents. As a consequence, the controller produces high current THD, particularly at lower speeds.
The EKF is a promising optimization observer because of its robustness against parameter uncertainties [11] , [12] , [16] - [19] , and many sensorless problems have been successfully solved with it. The observer basically deals with linearization of the nonlinear discrete model of the IM using the present estimated states and available inputs [12] . It can estimate the speed from zero to nominal speed accurately. Recently, the EKF has been proposed for FS-PTC in [20] to estimate the speed accurately, but only simulation results are presented to show its effectiveness. However, the EKF requires more calculations, which limits the sampling frequency. Nevertheless, modern digital signal processors can easily solve this problem due to the high computational power. To estimate the speed, the EKF automatically estimates the other states such as stator currents and flux, without further increasing the computational burden. Using these states, the prediction model in FS-PTC can avoid the measurement noise and reduce the current THD. It results in improved transient and steady-state stator flux and torque responses. Hence, the attainment of full benefits of FS-PTC using the EKF is expected to be facilitated.
The performance of FS-PTC is greatly affected by the speed estimation error and the current measurement noise, particularly at low speeds. In this paper, an accurate prediction model is proposed by estimating the rotor speed and stator currents using the EKF. To avoid the current measurement noise, the estimated stator currents, instead of measured currents, are fed back to the prediction model. The stator current THDs are reduced, and thus, improved speed, torque, and flux responses are achieved. The proposed control system is also robust against stator resistance variations. To reduce the speed error in a wide speed range, both current and open-loop VMs of the IM are proposed for the EKF. Taking into account stator currents "( i sα , i sβ )", rotor/stator flux "( ψ α , ψ β )", rotor speed "ω m ", and load torque "T l " as states, the sixth-order nonlinear discrete model of the IM is considered. The proposed control system has been carried out experimentally, and good performance in terms of torque and flux responses, robustness, speed accuracy, and stability at low and high speeds, including the field-weakening region, has been achieved.
The remaining parts of this paper are organized as follows: Section II provides mathematical models of the IM. Section III presents a brief description of the proposed control strategy. The field-weakening operation of the proposed sensorless drive is briefly discussed in Section IV. Simulation results are provided in Section V. The experimental setup and the experimental results are discussed in Sections VI and VII, respectively. Finally, this paper is concluded in Section VIII.
II. IM MODEL
The state-space model of the IM is described in a stationary reference frame (α, β) and can be expressed as follows:
where v s is the stator voltage vector, i s is the stator current vector, i r is the rotor current vector, ψ s is the stator flux vector, ψ r is the rotor flux vector, T e is the electromagnetic torque, T l is the load torque, ω m is the rotor angular speed, ω e is the rotor angular frequency, p is the number of pole pairs, and the others are the system parameters. The dynamic model of the IM accounts stator current i s , and flux ψ (either ψ s or ψ r ) as state variables [19] . For rotor speed ω m estimation, the speed is to be treated as an additional state variable, and it is directly related to the rotor angular frequency ω e by the number of pole pairs p as ω e = pω m .
The load torque T l is taken into account as a state variable to improve the speed estimation accuracy at very low speeds. For simplicity, since the sampling time is too short compared with the desired torque response, it is a common practice to assume the derivative of the load torqueṪ l = 0 [11] , [19] . Therefore, rearranging (1)- (7), the extended sixth-order nonlinear statespace model of the IM can be expressed as follows:
where, for the rotor current model (CM), variables x, u, and f (x, u) are defined in the equations and, for the stator VM, the same variables are defined in the equations
is the total leakage factor, and L σ = σL s is the leakage inductance.
III. SENSORLESS FS-PTC MODEL
In a conventional sensorless FS-PTC-based drive, the rotor CM of the IM is considered to estimate the rotor flux, and the VM is considered to predict the stator flux and the torque. The estimated speed is fed back to the controller. The speed is also compared with a reference speed, and the error is processed through a PI controller to generate the reference torque. For a speed sensorless drive, the CM-based estimator cannot estimate the speed accurately at very low speeds. This is because the stator currents start to lose rotor information when the speed approaches zero and cease completely at zero speed. On the other hand, the VM-based estimator can estimate any speed from zero to rated speed. However, open-loop VM-based stator flux is not good enough for the controller, and the estimator becomes unstable at higher speeds due to some problems, such as dc offset, drifts, and more parameter sensitivity. These problems can be compensated but are not fully unavoidable, resulting in a complex PTC structure. This is why, compared with the CM, the VM produces more steady-state torque and flux ripples. However, for better speed response, an open-loop VM can be used at lower speeds to estimate rotor speed and stator flux directly without compensating for the aforementioned negative effects. This will cost a bit higher torque and flux ripples that are acceptable for lower speeds, considering improved speed response. In this paper, for the reference speed ω * m > ±60 r/min (±2 Hz), the rotor-model-based EKF is used to estimate the rotor speed and the rotor flux; otherwise, the VM-based EKF is used to estimate the rotor speed and the stator flux. Measurement noise and harmonics in the stator currents are also filtered out through the EKF, and the estimated currents are fed back to the controller. Fig. 1 presents the overall control diagram of the proposed sensorless FS-PTC, which mainly includes three parts: EKF for rotor/stator flux estimation, stator flux and torque prediction, and cost function optimization (voltage vector selection).
A. EKF for Rotor/Stator Flux Estimation
The extended model of the IM in either the CM or the VM, which depends on the reference speed, is used in the EKF to estimate the rotor/stator flux. Since the EKF is an optimal state estimator based on stochastic uncertainties of the system variables, two different white noise types are injected into the system model: process noise and measurement noise. The sixthorder nonlinear extended model of the IM for the EKF can be expressed as [17] 
where C is the model output matrix, w(t) is the process noise, and v(t) is the measurement noise. The covariance matrices of w(t) and v(t) are Q and R, respectively. Therefore, C, Q, and R can be expressed as
The continuous model in (9) and (10) is discretized for the implementation of EKF using standard forward-Euler approximation by
where T s is the sampling time, and x(k) and x(k + 1) are the present and next states of the system, respectively. The recursive form of the EKF, including stochastic uncertainties, may be expressed by the following system of equations [18] .
Prediction Process:
wherex is the state estimate, P is the state estimate error covariance matrix, and
is the corresponding Jacobian matrix, which involves linearization of the nonlinear state-space model of the IM. For simplicity, all covariance matrices are assumed to be diagonal [18] . The diagonal elements are tuned in MATLAB/Simulink environment using a trial-anderror method. Kalman Gain:
Innovation Process:
The predictions in (15) and (16) are updated with the present measurements by (18) and (19) using the Kalman gain calculated in (17) .
After estimating the rotor/stator flux using the EKF, the other flux (stator/rotor) is calculated using the following simple relationship between stator and rotor flux:
where î s is the estimated stator current. Equation (20) illustrates that stator flux performance is greatly affected by the quality of the stator currents. If the stator currents contain measurement noise or harmonics, it will produce ripple in the estimated stator flux, which expedites the wrong actuation of voltage vectors, yielding poorer speed and torque responses.
B. Prediction of Stator Flux and Torque
Knowing ψ s (k) and using standard forward-Euler approximation (14) , the magnitude of the stator flux and the torque at the instant (k + 1) can be predicted as
whereω e = pω m is the estimated rotor angular frequency,
r R r is the equivalent resistance referred to stator, τ σ = L σ /R σ is the transient time stator constant, and τ r = L r /R r is the rotor time constant.
It is evident that stator current (22) and torque (23) predictions are greatly affected by the speed estimation error. Therefore, in this paper, the speed is accurately estimated, and an improved prediction model is achieved.
C. Voltage Vector Selection
The optimal voltage vector is selected based on the traditional PTC [5] , which includes two steps, namely, torque and flux prediction and cost function optimization, as shown in Fig. 1 . The state-space model of the IM for estimation and prediction of the states and a priority-based cost function for actuation are used to select the optimal voltage vector. Priority is given on stator flux compared with the torque. The cost function can be expressed as
where T * e (k + 1) is the reference torque,T e (k + 1) is the predicted torque for a given switching state, ψ * s is the reference stator flux, ψ s (k + 1) is the predicted stator flux, and λ ψ is the weighting factor that sets the importance of stator flux compared with the torque. The reference stator flux ψ * s is constant for all time. Since the sampling frequency is too high compared with the probability of load change over the control duration, which is too short, it is a general practice to assume T * e (k) = T * e (k + 1). In a two-level voltage source inverter (2L-VSI), there are eight possible switching states, and the state that minimizes g most is selected for the next step to produce the voltage vector to be applied to the motor.
In a real-time implementation, the calculation time of the control algorithm introduces a time delay that must be compensated [21] . It is done by two-step-ahead prediction, considering ψ s (k + 1) and i s (k + 1) as initial conditions for the predictions at instant k + 2. Since the frequency of the rotor flux is too low compared with the sampling frequency, the rotor flux ψ r (k) and ψ r (k + 1) are assumed to be the same. Hence, to implement the delay compensation scheme, the predicted stator flux and the torque at instant k + 2 are obtained by
Now, considering the calculation delay in real-time implementation, the cost function to minimize is
To protect over current through the stator, the cost function g must include a third term I m , which is designed on the basis of maximum allowable current through the machine. If the absolute value of predicted current | i s (k + 2)| for any particular switching state is higher than the maximum current, then that particular switching state will be canceled by setting a higher value against I m . Therefore, the term I m can be defined as
Here, i max is the maximum current rating of the IM. Thus, the complete cost function g for the controller is
IV. PROPOSED SENSORLESS FS-PTC IN THE FIELD-WEAKENING REGION
For high-speed applications, such as ac servo, gearless traction drives, and spindle drives, the machine requires to operate in the field-weakening region [10] , [22] - [24] . For maximum torque capability of the machine in the field-weakening region, the required voltage v s,req and stator current i s,req are equal to their maximum values. However, the maximum voltage and stator current to be applied to the machine terminal are limited by the available inverter output voltage V max and inverter current rating I max . Along with dc-link voltage, the inverter output voltage is also dependent on the used modulation strategy. For instance, maximum voltage V max of pulsewidth modulation with space vector modulation strategy is V dc / √ 3 [25] . Since the FS-PTC strategy directly applies the switching signals to the inverter without any intermediate modulation stage, the maximum available voltage V max is 2/3V dc . If the required voltage and current to drive the machine in the field-weakening region are v s,req and i s,req , respectively, the limit conditions of the control system can be represented by the following inequalities:
In this paper, the inverter current rating is higher than the machine current rating. Hence, I max is set equal to the maximum current rating i max of the motor.
The voltage drop across the stator resistance at high speed (above base speed) is negligible. Hence, modifying (1) with the rotor-speed-dependent back electromotive force (emf), i.e., d ψ s /dt = ω e ψ s , the required maximum voltage v s,req in the field-weakening region can be approximated as
In the proposed FS-PTC, for time delay implementation, | ψ s | in (32) will be replaced by the absolute value of ψ s (k + 1) from (21). The total dynamic operation of the machine can be divided into three speed regions: region I, region II, and region III, namely, constant torque region, constant power region, and reduced power region, respectively. Regions II and III are basically field-weakening regions. In region I, the torque remains at a maximum value, provided that the stator current and the stator flux are at maximum. Region II starts when v s,req ≥ V max , and the stator flux starts to decrease to keep the back-emf nearly constant. However, the stator current continues to remain at its rated value to ensure the maximum torque capability of the machine. Since the torque reduces with increasing speed, the power delivered to the load in region II is approximately constant. If the speed increases further, at a particular point, the maximum available voltage V max cannot inject the required stator current, and the current starts to decrease; the point is the starting point of region III. The power delivered to the load in region III decreases as the speed increases.
When the speed of the machine enters the field-weakening region, the reference stator flux, which is constant in FS-PTC, should be changed. In this paper, the new reference stator flux ψ * s,new is obtained by the conventional 1/ω r method [10] , [26] , where ω r is the rotor speed. In this method, the stator flux reference is changed in proportion to the inverse of the rotor speed. The base speed of the machine ω b , the estimated speed ω e as the control scheme is sensorless, and the rated stator flux ψ * s are used to determine ψ * s,new , and the relationship among them can be expressed as
The new reference stator flux ψ * s,new will be used in (29), replacing the rated stator flux reference | ψ * s |. The weighting factor λ ψ in (29) will also be adjusted. Hence, the new cost function for the field-weakening operation can be expressed as
where λ ψ,new is the new weighting factor.
It is well known that the expected maximum torque in the field-weakening region is a consequence of the voltage and current limit. To achieve maximum torque, conventionally, a current controller injects a maximum available torque-producing component of stator current, maintaining the current limit (31). To avoid the instability of the machine at very high speeds, a predefined limit of the flux-producing component of stator current is also used in the controller [24] .
In FS-PTC, as already mentioned in Section III, the required voltage vector is predicted by minimizing torque and flux tracking errors, and the reference torque is generated by an antiwindup mechanism. Hence, for a certain level of stator flux, the selected voltage vector will always produce possible maximum torque. If the reference torque is too high, the required stator current can exceed the current limit (31). It will be automatically maintained by the term I m in (34); thus, no additional current controller is required.
V. SIMULATION RESULTS
To verify the effectiveness of the proposed sensorless FS-PTC strategy, some simulation tests are carried out in MATLAB/ Simulink environment. The parameters of the IM used for simulation are listed in Table I , and the controller and the load parameters are listed in Table II The simulated results present the dynamic responses of a sensorless FS-PTC system at a rated-speed (1382 r/min) reversal condition, as shown in Fig. 2 . From top to bottom, the curves are actual and estimated speed, stator current, estimated electromagnetic torque, and estimated stator flux, respectively. The stator flux is set to the nominal value at 0.85 Wb, which is constant. It is seen that the estimator can track the speed, the stator flux, and the load torque properly in both directions of operating frequency. Fig. 2 also shows that the stator flux is producing very good sinusoidal stator current and torque waveforms. Since the stator flux is constant with the change of load torque, a complete decoupled control of torque and flux is achieved. To verify the robustness of the system against load disturbance, initially, the load torque is set to 0.25 Nm, and then, it is suddenly changed to 0.8 Nm at 0.5 s. It is seen that there is no transient in the stator current and stator flux. Thus, high-performance torque control is achieved.
VI. EXPERIMENTAL SETUP
The proposed sensorless control system is implemented in the laboratory. The setup is composed of a squirrel-cage IM driven by an insulated-gate-bipolar-transistor-based 2L-VSI of 1.1 kVA with maximum current rating of 1.5 A peak. A dc machine with integrated torque and speed display is coupled to the motor shaft by a timing belt. The control algorithm is implemented using a dSPACE DS1104 R&D controller board with ControlDesk and MATLAB/Simulink software packages. For safety reasons, the inverter is characterized by a dc-link voltage of 400 V. Hence, the machine cannot be tested with rated speed at nominal load. The sampling time similar to simulation is set to 130 μs. All other system parameters are also the same as those of simulation. The experimental setup is shown in Fig. 3 .
For verification purposes, an incremental encoder with 2500 ppr is used to measure the actual speed, and it is realized by the dSPACE 1104. The output of the encoder is sampled every 4 ms to reduce the quantization error and, therefore, for better realization of the measured speed.
Two current sensors and one voltage sensor are used to measure the stator currents and dc-link voltage, respectively. The output offsets of current and voltage sensors are determined using dSPACE and ControlDesk software. Then, the offsets are compensated by subtracting those values directly from the measured stator currents and dc-link voltage before feedback to the controller.
The machine is operated in two modes: normal and field weakening. For field-weakening operation, the dc machine is disconnected, and tests have been carried out with only inertial of the motor. To maintain the speed limit of the test setup, a reduced dc-link voltage of 300 V, which is 51.19% of the rated voltage, is applied to the inverter. Hence, the new base speed will be about 760 r/min. The speed of the test setup is limited to 400% of the new base speed. To avoid the instability at very high speed, in this study, the stator flux is limited to 21%-100% of the rated stator flux. 1 1], 0) . The initial state estimate error covariance matrix P (0) and the initial values of the state's X(0) are considered similar as those of the simulation. The covariance matrices remain the same for both the CM and the VM.
VII. EXPERIMENTAL RESULTS
At first, the effects of current measurement noise and harmonics on the prediction model are observed. Fig. 4 depicts the improvement in torque and flux ripples due to the use of estimated stator current in the prediction model when the machine is operating at 100 r/min with 25% of the nominal load torque. It is worth noting that the current THD is reduced from 2.82% to 2.01%; thus, the torque and flux ripples are significantly reduced. The current THD is computed with 13 cycles of the stator current up to 20 times of its fundamental frequency using MATLAB Powergui. The steady-state behavior of the control system at 700 r/min with 25% of the nominal load is presented in Fig. 5 . From top to bottom, the waveforms are measured speed, estimated speed, stator current, electromagnetic torque, and stator flux, respectively. The average steady-state speed error Δω, which is calculated by (ω − ω m )/ω × 100%, is about 0.7%, and the estimated speed is completely noise free. The average speed is determined by using ControlDesk software and also confirmed by observing the speed on integrated LED display. The calculated stator current THD is 4.98%. It is also seen that the stator flux produces a very good sinusoidal current waveform, yielding improved torque response. Fig. 6 illustrates the dynamic behavior of the machine at the rated-speed (1382 r/min) reversal condition with a load torque of 0.35 Nm. The experimental results are similar to the simulated results. The average steady-state speed error is about 0.5%, and the estimated speed is free from noise. It is seen that the stator flux produces very good sinusoidal stator current and torque waveforms. The stator current THD is 7.72% at a steadystate condition. However, a very small deviation of stator flux magnitude is evident during speed reversal. This is not the coupling effect between torque and flux. It is because of less dc-link voltage. It can be verified from the simulated results, where full dc-link voltage is applied to the machine, and there is no dip in the stator flux waveform.
To test the dynamics of the proposed sensorless FS-PTC, the torque step response from 0.25 to 1.0 Nm is observed and presented in Fig. 7 . The torque step is achieved by changing the speed suddenly from 100 r/min to rated 1382 r/min. The settling time of the torque response is 1 ms, as shown by the dashed line in Fig. 7 , which is excellent. Thus, the proposed sensorless FS-PTC preserves the fast dynamic behavior of the basic DTC.
The robustness of the proposed sensorless control system is tested by changing the load torque suddenly from 0.25 Nm to full-load 1.0 Nm, and the waveforms are presented in Fig. 8 . From top to bottom, the waveforms are stator current, estimated speed, estimated torque, and estimated stator flux, respectively. The calculated THDs of stator current before and after added load are 3.2% and 2.55%, respectively. The load torque, which is dependent on speed, is manually changed. This is why the torque response is a bit slower. It is also seen that there is a very small dip in the speed response before compensation. However, no dip is observed in the stator flux response, and therefore, the torque and flux are completely decoupled. Thus, the proposed sensorless drive is robust against load disturbance. 9 shows the low-speed performance of the proposed sensorless FS-PTC system. The machine is operated at 60 r/min (±2 Hz) and 30 r/min (±1 Hz) in either direction of operating frequencies, and the average measured speed errors are 10.09% and 32.26%, respectively, which are too high. The THDs of stator currents are 2.13% and 3.7% corresponding to the speed values of 60 and 30 r/min, respectively. It is seen that the CM-based speed estimator is producing high-speed error at lower speeds although the current THDs are very good. Moreover, it is quite impossible to estimate zero speed using the rotor CM. After many tests, it is observed that the speed response is good when the command speed is greater than ±2 Hz, which is 4% of rated speed. However, for normal operation, within the range ±2 Hz < ω m ≤ ±50 Hz, the estimated torque and stator flux responses are still very good, and the system is stable.
To reduce the speed error at lower speeds, the open-loop VMbased EKF is used. The machine is operated again at 60 r/min (±2 Hz) and 30 r/min (±1 Hz); the waveforms are presented in Fig. 10 . It is seen that the speed errors are reduced to 3.36% and 8.33% corresponding to the speed values of 60 and 30 r/min, respectively. The THDs of stator currents are increased to 6.69% and 10.08%, respectively, and therefore, the torque and flux ripples are increased. However, these ripples and current THDs are still acceptable at lower speeds considering improved speed response. The adjustable speed range of the proposed control system is increased by ±1 Hz compared with the rotor CM-based EKF. Hence, the adjustable speed range of the proposed control system, for normal operation, is ±1 Hz < ω m ≤ ±50 Hz. After many tests, it was observed that the speed deviation rapidly increases below the adjustable speed range.
The steady-state performance of the proposed control system below the adjustable speed range is tested for 1 r/min with 50% of rated load, and the responses are presented in Fig. 11 . First, the measured speed is filtered using a lowpass filter, and then, it is compared with the estimated speed. The percentages of speed errors Δω are shown in Fig. 12 . For easy understanding and clear information, the percentage of average speed errors, one average value of every 1k data points from the source, are plotted in Fig. 12 . The calculated average speed error for the whole duration of 10 s is 42.18%, which is very high. This is due to the very low and variable switching frequency characteristics of the FS-PTC strategy. However, the controller produces constant stator flux and good torque waveforms, which indicate that the system is stable. The estimated speed is also more accurate, and thus, the prediction model is completely free from speed estimation error. . 13 shows the effects of transition between the CM and the VM in the EKF; this is done by changing the rotor speed from 100 to 50 r/min. It is seen that there is no significant transient in the stator flux, but the estimated torque for the VM is a bit higher due to the variation of rotor speed. However, the transient responses of speed and torque are not very good. Since the speed is very low, it is generally acceptable.
The parameter sensitivity of the proposed sensorless FS-PTC is also investigated at ±60 r/min and shown in Fig. 14 . Since the most critical parameter of the VM is stator resistance and its change greatly influences the control performance at lower speeds, step change of stator resistance from 100%R s to 130% R s is applied in both directions of low operating frequency. The average deviation in speed is very small; it is about 6.5%. It is also seen that the torque is a bit sensitive. However, the stator flux is completely insensitive to the stator resistance variations.
Some tests have also been carried out to confirm the effectiveness of the proposed sensorless control system in the fieldweakening region. Fig. 15 shows the dynamic performance of the proposed control system in the field-weakening region in step speed command from 1 r/min to 300% of new rated speed. The torque is constant at its maximum value, as expected, in region I (up to 760 r/min), where the stator flux is constant at its nominal value, and the stator current is maximum. In region II (from 760 to 1495 r/min), both the stator voltage and the stator current are equal to the limit values, and the stator flux decreases, as expected, to keep the back-emf constant. Thus, the maximum torque control is achieved. It can be noted that the torque decreases from its maximum value as the speed increases further, which keeps the delivered power to the load constant. Once the speed enters region III (higher than 1495 r/min), the stator current and, thus, the torque decrease, which are also expected, since the available dc-link voltage is not sufficient to inject the required maximum current. The vertical dash-dotted lines separate the aforementioned three different regions of operation of the IM. It is also seen that there is a delay between measured and estimated speeds at transient; it is due to the effect of speed quantization error. It is particularly important to note that the controller is capable of estimating the speed properly in the whole speed range with a smooth transition among the field-weakening regions and the constant torque region.
VIII. CONCLUSION
An improved prediction model has been proposed for a sensorless FS-PTC strategy using the EKF and verified by simulation and experiment. Depending on the reference speed, either rotor flux or stator flux is estimated by the EKF, then the other one is estimated using the simple relationship between stator and rotor flux. The proposed prediction model uses the estimated currents instead of measured currents, and thus, the current THD is reduced compared with the conventional FS-PTC, where measured currents are directly applied to the prediction model. The estimated speed is also free from noise, and thus, the prediction model is more accurate. Same elements of covariance matrices are considered throughout the experiments; this also enhances the reliability of the control system.
The experimental results show that the proposed sensorless FS-PTC yields very good speed response in a very wide speed range, and the system is completely stable. Since the THD of stator current is less, excellent torque and flux responses are achieved. However, current THD is a bit higher for the VM, which is generally acceptable considering improved speed response at low speed. This higher current THD corresponds to the lower and variable switching frequency of the PTC strategy. It is also investigated that the proposed controller is robust against load disturbance and parameter uncertainty.
In the field-weakening region, the controller is well capable of estimating the speed accurately. Moreover, there is no transient in the estimated torque and flux, when the speed enters from one region to another.
The performance of the proposed controller can be improved further by using an optimized algorithm of the EKF, which will reduce the control execution time. In that case, the VM can be modified by compensating dc offset and drift problems. Hence, the performance at higher speeds in terms of torque and flux ripples will be comparable to the rotor-CM-based sensorless control strategy.
